Abstract -We demonstrate a method to achieve an extremely control of the signal velocity in an optical fibre, realized with wide and flexible external control of the group velocity of signals the recently suggested approach of using the narrow band as they propagate along an optical fibre. This control is achieved gain or loss generated by a nonlinear optical interaction, the by means of the gain and loss mechanisms of stimulated stimulated Brillouin scattering [10] . The high flexibility of Brillouin scattering in the fibre itself. Our experiments show this interaction makes this active control possible in any type that group velocities below 71,000 km/s on one hand, well of fibre and at any wavelength, in particular in the low loss exceeding the speed of light in vacuum on the other hand and even negative group velocities can readily be obtained with a window of optical fibres.
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simple benchtop experimental setup. Advanced schemes can be realized thanks to the extremely flexible possibility to shape the II. THEORETICAL BACKGROUND gain spectrum to make it optimized for applications. Ultra wide bandwidth, delaying with flat amplitude response and lower Stimulated Brillouin Scattering (SBS) is usually described distortion were successfully demonstrated this way.
as the interaction of two counter propagating waves, a strong pump wave and a weak probe wave [11] . If Principle of signal delaying and advancement using stimulated experiment, we swapped the roles of the two sidebands, so Brillouin scattering.
that the higher-frequency sideband was used to build the probe pulse and the lower frequency sideband was used to So far we have treated the case of gain in the probe, this is build the CW pump wave. Then, the measurement was fpump=fprobe+ VB. In this case, an extra delay is introduced in the performed in the same way by varying the power of the CW probe signal with respect to the normal propagation time pump wave and monitoring the amplitude and the time delay along the fibre. By tuning the probe wavelength so that of the probe pulse.
fPump=jprobe VB we observe loss at the probe wavelength. The We first observed the delaying effect along a 11.8 km treatment of the loss case is exactly the same to the gain case standard single mode fibre with the gain swept continuously but changing the roles of pump and probe in the coupled from 0 dB to 30 dB. The probe pulse width (FWHM) was equations, so the delay in this case is not positive but 100 ns and the maximum pump power was about 40 mW, negative. This is viewed as an advancement of the pulse with limited basically by the threshold for amplified spontaneous respect to the conventional propagation along the fibre.
Brillouin emission. We could see clear retardation of the 0 dB pulse and the pump pulse was made longer than twice the propagation time in the fibre sample, so that the signal pulse sees a constant pump power while propagating throughout the entire fibre sample. can be actually realized [13] . The same experiment was -10 carried out in a sample of 2 m of standard single mode fibre.
-2
The main issue was to raise the pump power to I0 Watt range 1 to obtain a 30 dB gain using stimulated Brillouin scattering over the short fibre. This could be achieved by forming a Gain [dB] pulse train with the pump wave, so that the full gain is available in the erbium-doped fibre amplifier while the Fig. 4 . Very large group velocity change achieved in a 2-in standard fibre average output power is kept below the saturation power. using 40ns pulse. Thus an additional electro-optic modulator was used to gate Top: pulse waveform at the fibre output. Fig. 5 [14] . Four uniform fibre spools with the same Brillouin frequency and length of 1.1 km were used as gain media, and they were cascaded using unidirectional variable IV. ADVANCED SCHEMES USING SPECTRAL SHAPING attenuators as shown in the inset.
In this configuration, the amplification of the probe pulse
More recently stimulated Brillouin scattering (SBS) has was periodically compensated by the variable optical proved to be an unprecedented and unmatched flexible tool attenuator (VOA), while the counter-propagating pump wave for the generation of slow light regarding its spectral tailoring did not experience the attenuation. This feature helped capability. Indeed, a large variety of gain spectral profile can avoiding the gain saturation coming from large amplification be obtained by properly modulating the pump spectrum. of the pulse, maintaining the induced optical delay. In When a monochromatic pump is used in the stimulated addition, the depletion of the strong pump wave due to ASBE Brillouin interaction, the gain window appearing in the fiber was also avoided by the periodic step absorption of the CW transmission spectrum shows a Lorentzian shape whose backscattered wave.
characteristic spectral FWHM width is around 30 MHz in The time waveforms of the probe pulses are shown in conventional single-mode fibers pumped at 1.55 rtm. increased and the maximum delay of 152 ns was achieved spectrum g(zlv)is given by: when the gain was 120dB, which corresponds to 3.6 times the initial pulse width. In the mean time, a considerable g(Av) = P(Av) 0 gM (Av) (4) broadening of the pulse from 42 ns to 102 ns was also observed which is attributed to the narrow gain.
where 0 denotes convolution, P(zA v) is the normalized pump power spectral density (i.e. its integral is unity) and gB(A V) is the natural Lorentzian gain of the Brillouin amplification process. EDFA VOA 50/50
The effect of this convolution is shown in Fig. 7 . By properly modulating the pump signal, it is possible to This offers the possibility to synthesize nearly any gain spectral distribution. below the signal frequency v, respectively, as shown in An essential step towards applications was made when it Fig. 9 . The bandwidth of each pump Alv can be arbitrarily was demonstrated that the bandwidth of SBS-based slow light broadened and controlled using the scheme described above can be made arbitrarily large by actively broadening the pump [15] . spectrum using random direct current modulation of the pump If the bandwidths of the gain and loss spectra are laser [15] . A particularly useful case arises when the pump substantially different, e.g. Av2 >> A v, it is possible to obtain a spectrum can also be approximated by a Lorentzian significant time delay with nevertheless a zero linear gain.
distribution. In such conditions, the effective Brillouin gain differential delaying effect. This is practically achieved by superposing in the -400 -300 200 -100 0 100 200 300 400 frequency domain a SBS gain with linear gain ±G1 and a Frequency, MHz bandwidth Av1 on a SBS loss with negative linear gain (thus loss) -C2 and a bandwidth A v2. They are generated using 2 Fig. 10 Variation of the amplitude of the probe signal as a function of frequency after propagation through a 2 km fiber, showing the achievement distinct pump lasers placed at a frequency ±VB above and ofawell-compensated SBS gain/loss profile. pump generates a gain and the narrow pump bumns a hole at Gisin, Phys. Rev. Lett. 93, 203902-1 (2004) . the center of the gain spectrum. This configuration was also ' P successfully experimentally tested and demonstrated [18] .
[9] Gauthier, D. J., Physics and Applications of "Slow" The smart combination of gain and loss spectra using a Light. 2nd Anual Summer School, Fitzpatrick Center multiple pump scheme was also used to extend the bandwidth for Photonics and Communication Systems, Duke well beyond 10 GHz that was temporarily considered like the University, Durham, NC, July 27, 2004 ultimate limit [19] . A 25 GHz bandwidth was experimentally
